Enveloped viruses infect host cells by fusing their membranes with those of the host cell, a process mediated by viral glycoproteins upon binding to cognate host receptors or entering into acidic intracellular compartments. Whereas the effect of receptor density on viral infection has been well studied, the role of cell type-specific factors/processes, such as pH regulation, has not been characterized in sufficient detail. Here, we examined the effects of cell-extrinsic factors (buffer environment) and cell-intrinsic factors (interferon-inducible transmembrane proteins, IFITMs), on the pH regulation in early endosomes and on the efficiency of acid-dependent fusion of the avian sarcoma and leukosis virus (ASLV), with endosomes. First, we found that a modest elevation of external pH can raise the pH in early endosomes in a cell type-dependent manner and thereby delay the acid-induced fusion of endocytosed ASLV. Second, we observed a cell type-dependent delay between the low pH-dependent and temperature-dependent steps of viral fusion, consistent with the delayed enlargement of the fusion pore. Third, ectopic expression of IFITMs, known to potently block influenza virus fusion with late compartments, was found to only partially inhibit ASLV fusion with early endosomes. Interestingly, IFITM expression promoted virus uptake and the acidification of endosomal compartments, resulting in an accelerated fusion rate when driven by the glycosylphosphatidylinositol-anchored, but not by the transmembrane isoform of the ASLV receptor. Collectively, these results highlight the role of cell-extrinsic and cell-intrinsic factors in regulating the efficiency and kinetics of virus entry and fusion with target cells.
Infectivity of enveloped viruses often varies depending on the cell type, even for cells expressing comparable levels of cognate receptors. This is largely due to the varied efficiency of multiple steps of entry leading to productive infection. Whereas multiple host factors are involved in late post-fusion steps of virus entry (1) (2) (3) (4) (5) (6) (7) (8) (9) , the effects of intrinsic, cell type-dependent factors and extrinsic factors on viral fusion are poorly characterized. After the initial interaction of viruses with cellular receptors or attachment factors, low endosomal pH is required to trigger fusion-inducing conformational changes in most viral proteins (reviewed in Refs. 10 and 11) . The low pH requirement of virus entry could also stem from the need for optimal milieu (e.g. endosomal protease activity) for priming the viral glycoproteins for the fusion reaction (10) . It is thus likely that cell type-dependent regulation of endosomal pH modulates the efficiency and kinetics of virus fusion. To date, however, only a few studies have directly examined the link between the pH in virus-carrying endosomes and the efficiency/kinetics of subsequent viral fusion (12) (13) (14) (15) .
Endosome-resident lipids and proteins have been implicated in the completion of virus fusion and/or the nucleocapsid release into the cytoplasm (8, 16 -22) . Cells can also express restriction factors that interfere with the viral fusion step. Recent studies have shown that expression of interferon-inducible transmembrane proteins (IFITMs) 3 inhibits fusion of unrelated enveloped viruses in vitro and in vivo (23) (24) (25) . Using single virus imaging, we have shown that human IFITM3 blocks the formation of small fusion pores without inhibiting the influenza virus hemifusion with endosomes (26) . Different models for the IFITMs' antiviral activity have been proposed, including the "stiffening" of cell membranes that disfavors viral fusion (24) . However, direct evidence supporting the current models is lacking.
The avian sarcoma and leukosis virus (ASLV) is an excellent model for studies of viral entry, as its envelope glycoprotein (Env) requires two consecutive triggers, binding to cognate receptors and acidic pH, to mediate membrane fusion (27) (28) (29) . Subtype A ASLV undergoes robust fusion with cells expressing either of the two naturally occurring isoforms of the TVA receptor: the glycosylphosphatidylinositol (GPI)-anchored TVA800 and the transmembrane TVA950 proteins. These alternative receptor isoforms direct the virus entry through distinct endocytic pathways (13, 30, 31) . These features make ASLV amenable to biophysical studies of virus entry at a single particle level. We have previously investigated the entry/fusion mechanism of ASLV by single virus imaging and delineated the relationship between endosomal pH and the probability and kinetics of ASLV fusion (13, 14, 32) . We have also shown that ASLV fuses with early or maturing endosomes, depending on the receptor isoform (13) .
Here, we examined the progression of ASLV entry through the sequential steps: endocytosis, acid-dependent conformational changes in Env, and completion of the fusion process, using both bulk and single virus imaging assays. These experiments revealed the existence of a cell type-and external bufferdependent delay in low pH-induced steps of ASLV fusion relative to endocytosis. This delay was largely due to the pH regulation in early endosomes of A549-derived cells, whereas no significant delay was detected in CV-1-derived cells. We further found that ectopic expression of the virus restriction factor IFITM3 in either cell type inhibited ASLV fusion, albeit less potently than the influenza virus fusion. Strikingly, IFITM3 accelerated endocytosis and acidification of ASLV-carrying vesicles in A549 cells expressing TVA800, but not TVA950. Our results show the importance of endosomal pH regulation, which is influenced by both cell-extrinsic and -intrinsic factors, for entry/fusion of ASLV and likely other viruses that undergo acid-induced fusion. We also present evidence supporting the notion that cell-specific factors other than endosomal pH regulate the kinetics of ASLV fusion.
Results

Analysis of ASLV entry and fusion kinetics
ASLV fusion progresses through two major consecutive steps: receptor-mediated priming of Env followed by low pH-dependent refolding of the viral protein into the final 6-helix bundle structure that drives membrane fusion (27) (28) (29) (33) (34) (35) . As we and others have previously demonstrated, the progression of virus-cell fusion through distinct intermediate steps can be measured by adding specific inhibitors of these steps at varied time points post-infection (e.g. Refs. 31, 36, and 37). The ASLV Env-derived R99 peptide blocks fusion by preventing the formation of the final helical bundle structure (28, 35) . Because the membrane-impermeable R99 peptide targets only surface-accessible virions, the addition of this peptide after varied times of virus-cell incubation at 37°C permits the measurement of the rate of receptor-mediated endocytosis that culminates in fusion (31) . Furthermore, the time-of-addition experiments using NH 4 Cl or bafilomycin A1, agents that raise endosomal pH and interfere with the low pH-dependent steps of ASLV fusion, report the kinetics of completion of acid-dependent steps of this process. Finally, one can take advantage of the steep temperature-dependence of viral fusion (38 -42) . Several studies, including ours, have shown that low pH initiates refolding of pH-dependent viral fusion proteins, such as influenza and ASLV, whereas the late steps of fusion, the formation and dilation of a fusion pore, can proceed at neutral pH and physiological temperature (43) (44) (45) (46) . Lowering the temperature at distinct times post-infection will block the late steps of fusion, most likely the fusion pore opening and/or dilation (47) . Thus, the comparison of the ASLV escape kinetics from R99, NH 4 Cl, and the temperature block (TB) reports the progression of ASLV fusion through receptor-mediated endocytosis followed by acid-and temperature-dependent steps, respectively (32, 37).
Temperature-dependent steps of ASLV fusion with CV-1 cells are delayed relative to acid-dependent steps
We applied the above time-of-addition strategy to examine the progression of ASLV pseudoviral particle (ASLVpp) fusion with CV-1-derived cells expressing either the full-length (TVA950) or the GPI-anchored (TVA800) TVA receptor (48, 49) . Virus-cell fusion was measured using the ␤-lactamase (BlaM) assay that detects the delivery of virus-incorporated BlaM-Vpr chimeric protein into the cytoplasm (50) . In both cell lines, the acid-dependent steps of fusion (escape from NH 4 Cl) were completed shortly after virus uptake (escape from R99), whereas resistance to low temperature was acquired after a pronounced delay of about 10 min following the completion of acid-dependent steps (Fig. 1, A and B) . Delayed escape from TB is unlikely to result from temperature-dependent post-fusion processes, because the activity of BlaM released into the cytoplasm appears to be independent of viral core uncoating (36, 51) . In addition, the BlaM signal reaches a maximum shortly after the synchronized ASLV fusion with endosomes of CV-1 cells is stopped by chilling the samples (32) (see also the fusion kinetics with A549 cells below), further supporting the notion that post-fusion steps do not contribute to the BlaM signal. 4 Cl, or low temperature (TB)) were applied at the indicated times after virus entry/fusion was initiated by raising the temperature to 37°C. C, VSV pseudovirus fusion with CV-1/TVA950 cells experiments were carried out, as described above. D and E, ASLV pseudovirus fusion with A549 cells expressing either TVA950 (D) or TVA800 (E). Data are mean Ϯ S.E. from 3 independent triplicate experiments.
Comparable kinetic differentials between the virus escape from NH 4 Cl and cold were observed upon fusion of particles pseudotyped with ASLV Env and the vesicular stomatitis virus (VSV) G glycoprotein, which mediates acid-dependent fusion with early endosomes (16, 17, 52, 53) (Fig. 1C) . The similarity in the lag-time between escapes from NH 4 Cl and TB for the different viral fusion glycoproteins in CV-1-derived cells may reflect the slow enlargement of fusion pores, which is a temperature-dependent process (54) , or the delayed opening of a fusion pore after the low pH trigger.
Acid-and temperature-dependent steps of ASLV fusion with A549 cells are delayed relative to virus uptake To determine whether the lag between the acid-and temperature-dependent steps of ASLV fusion with CV-1-derived cells is observed in other cell types, we examined the virus entry kinetics in the human alveolar epithelial cell line A549 engineered to express the cognate TVA receptor isoforms. The ASLV fusion kinetics with CV-1 and A549 cells was strikingly different. First, A549/TVA800 cells internalized ASLV faster than CV-1/TVA800 cells, suggesting marked differences in the rate of endocytosis of GPI-anchored proteins (Fig. 1E) . However, in contrast to the CV-1 cells, in which the acid-dependent steps were completed shortly after endocytosis, a profound lag was detected in the time of R99 and NH 4 Cl addition experiments in A549-derived cells, irrespective of the TVA isoform (Fig. 1, D and E) . In fact, the kinetics of ASLV escape from NH 4 Cl in A549/TVA800 and A549/TVA950 cells overlapped with the TB kinetics. The delayed completion of the low pH-dependent stage(s) of viral fusion after receptor-mediated endocytosis may be due to a slow acidification of endocytic vesicles carrying the virus or, alternatively, to delayed fusion following the acidification of endosomal lumen. To discern between these possibilities, we measured the time course of bulk virus endocytosis and delivery into mildly acidic compartments, using the imaging approach developed in our laboratory (31) . Pseudoviruses bearing the HIV-1 Gag-mCherry chimera were co-labeled with ecliptic pHluorin (EcpH, maximum emission ϳ508 nm (55)) fused to the transmembrane domain of ICAM-1 ( Fig. 2A) . The pH-sensitive EcpH fluorescence (pK a ϳ7.0) is strongly quenched at mildly acidic pH (31) and therefore serves as an all-or-none indicator of virus entry into acidic compartments ( Fig. 2A) . Here, the fluorescence of acid-resistant intraviral mCherry (pK a Ͻ4.5 (56)) fused to the Gag polyprotein serves as a reference signal for the visualization of endosomal acidification.
Analysis of the ratio of integrated green and red signals from cell-bound particles over time showed that ASLV entry into acidic endosomes in CV-1-derived cells occurred with the rate that was close to the kinetics of virus escape from R99 and NH 4 Cl (Ref. 31 and data not shown). This is as expected for viruses undergoing acid-dependent fusion shortly after entering into acidic endosomes. In sharp contrast, the EcpH quenching kinetics in A549/TVA950 cells overlapped with the rate of virus uptake, but was much faster than the virus escape from NH 4 Cl (Fig. 2B ). This striking phenotype implies that internalized ASLV quickly enters into mildly acidic compartments, but completes acid-dependent steps of fusion after 10 -20 min, which is at least an order of magnitude slower than the low pH-triggered ASLV fusion with CV-1-derived cells (14) .
Initial acidification of endosomes in A549 cells may not be sufficient to effectively trigger ASLV fusion
Given the relatively high pH threshold for ASLV fusion (14, 46, 57) , we have originally assumed that quenching the EcpH probe reports entry into early acidic compartments that support viral fusion (31) . To test this notion, we estimated the pH that effectively quenches the EcpH signal of single virions. ASLV Env-pseudotyped HIV-1 particles co-labeled with EcpH-ICAM/Gag-mCherry were allowed to enter A549/TVA950 cells for 15 min, during which time, nearly all pseudoviruses were internalized by cells (Fig. 2B ). Cells were then exposed to buffers adjusted to pH between 4.7 and 7.7, which were supplemented with monensin/nigericin to clamp the endosomal pH at a desired level (58), and imaged. Whereas the viral particles in endosomes exhibited strong EcpH fluorescence at neutral pH, a nearly complete quenching of the EcpH signal was observed at pH 6.3 and below (Fig. 2C) . Measurements of the EcpH/ mCherry ratio as a function of endosomal pH, using the above buffers, yielded the calibration curve that enabled the assessment of endosomal pH in live cell experiments (Fig. 2D ). Our estimation of early endosomal pH in A549 cells that effectively quenched EcpH suggested that the pH may not initially drop below 6.2-6.3, which is not sufficiently acidic to trigger optimal ASLV fusion (14, 46) . In other words, the observed delay of ASLV fusion with A549 cells (as measured by the time of NH 4 Cl addition, Figs. 1, D and E, and 2B) may reflect the need for virus trafficking from early, marginally acidic endosomes to late, more acidic compartments prior to fusion. We thus predicted that the initial pH drop upon entry into CV-1 cells, which support ASLV fusion with early endosomes (14) , is more robust than in A549 cells.
We hypothesized that the delayed ASLV fusion with A549 cells, but not CV-1 cells, results from the use of a CO 2 -dependent medium (DMEM), which becomes mildly alkaline (pH 7.8 -8.0) under ambient conditions. Indeed, when the BlaM fusion and parallel EcpH quenching experiments were conducted in a HEPES-containing live cell imaging buffer (LIB), ASLV uptake (escape from R99 and EcpH quenching), and virus escape from NH 4 Cl occurred very quickly and with virtually superimposable kinetics (Fig. 2E) . It thus appears that the use of CO 2 -dependent DMEM for time-of-addition experiments, which require transient exposure to air (see "Experimental procedures"), raises the extracellular and early endosomal pH in A549 cells. Accordingly, the lag between ASLV uptake and escape from NH 4 Cl in A549 cells disappeared when DMEM was buffered with HEPES ( Fig. 2F) .
By contrast, CV-1 cells appear to more robustly control the initial pH drop in early endosomes down to the level that effectively triggers ASLV fusion. Another critical distinction between ASLV fusion with CV-1 and A549 cells is that, in the latter cells, escape from the TB was not delayed relative to escape from NH 4 Cl (Figs. 1 and 2) . The lag between the pH-and temperature-dependent steps of the ASLV (and VSV) fusion observed for CV-1 cells (Fig. 1, A-C) was virtually undetectable Extracellular pH and IFITM3 regulate virus-endosome fusion in A549 cells. The overlapping NH 4 Cl and temperature-block kinetics in A549 cells argue against the requirement for maintaining physiological temperature after fusion for the BlaM activity. In other words, delayed escape from the cold block observed in CV-1 cells is not due to post-fusion temperature-dependent processes that are required for the BlaM activity.
Acidification of early endosomes in A549 cells is delayed in mildly alkaline medium
To test the notion that the initial pH drop in A549 cells may not trigger ASLV fusion, we evaluated the dynamics of bulk endosomal pH in CV-1 and A549 cells, using a mixture of fluorescent transferrins as a marker for early endosomes. Cells were incubated with a mixture of two transferrin (Trf) prepa- Virus entry into acidic endosomes is manifested in disappearance of the EcpH signal and accumulation of Gag-mCherry in the perinuclear areas. B, kinetics of ASLV fusion with A549/TVA950 cells in DMEM measured by the BlaM assay and EcpH quenching measured in parallel imaging experiments. C, images of Gag-mCherry/EcpH-ICAM co-labeled ASLV particles internalized by A549/TVA950 cells at different pH. Viruses were pre-bound to cells in the cold and allowed to enter by incubation at 37°C for 15 min. Cells were then placed in buffers of the indicated acidity supplemented with monensin and nigericin to equilibrate the external and endosomal pH (see "Experimental procedures" for details). The EcpH signal is virtually lost in the background cell fluorescence at pH Յ 6.2. A triangle shows the expected fluorescence ratio in DMEM equilibrated with air (pH ϳ 7.9). D, calibration of the mean ratio of EcpH and mCherry signals from intracellular compartments as a function of endosomal pH (as illustrated in panel C). Data are mean ratios Ϯ S.E. from at least 4 image fields acquired for each pH value. The light pink and blue colored regions represent the pH range conducive for ASLV fusion and the background EcpH/mCherry ratio, respectively. E and F, kinetics of ASLV fusion with A549/TVA950 cells in LIB (E) or DMEM buffered with HEPES at pH 7.4 (F), as measured by the BlaM assay. EcpH quenching in panel E was measured in parallel imaging experiments. Data are mean Ϯ S.E. from 3 (panels B and E) and 2 (panel F) independent triplicate experiments.
rations, one labeled with a pH-sensitive FITC dye and the other labeled with a pH-insensitive Alexa Fluor 594 dye (AF594). Uptake of this Trf mixture into acidic endosomes leads to the reduction in the FITC fluorescence (pK a ϳ 6.5), whereas the AF594 signal remains relatively constant (supplemental Fig.  S1 ). A calibration curve relating the fluorescence ratio to endosomal pH was obtained by allowing Trf endocytosis for 15 min and imposing a known pH value onto endosomal compartments, using a membrane-permeable monensin/nigericin buffer system described above ( Fig. 2 and supplemental  Fig. S2 ). The obtained linear pH dependence of the FITC/ AF594 ratio, with Ͼ3-fold change between 4.5 and 8.0 (Fig. 3A) , enables the measurements of endosomal pH in a physiologically relevant range.
We were thus able to evaluate the drop in endosomal pH in CV-1 and A549 cells shortly after the initiation of Trf uptake by shifting from cold to 37°C. As predicted, early endosomes of CV-1 cells acidified to pH Ͻ 6.0 within a few minutes, irrespective of the buffer used (Fig. 3B) . In comparison, the overall endosomal pH in A549 cells bathed in DMEM was considerably less acidic than in LIB (Fig. 3B) . Within 20 min at 37°C, the endosomal pH in A549 cells bathed in LIB approached 6.0, which is sufficient to trigger effective ASLV fusion (14) . By contrast, the average endosomal pH in DMEM remained close to neutral. Moreover, we reproducibly observed the pH to "overshoot" (become slightly alkaline) at about 5 min after initiating endocytosis in DMEM (Fig. 3B) , likely due to Trf recycling from early endosomes.
Together, the results shown in Fig. 3 confirm that A549 and CV-1 cells differentially regulate endosomal pH. Under identical conditions, Trf-carrying endosomes in A549 cells bathed in DMEM were on average considerably less acidic than in CV-1 cells. The differences in the kinetics of endosomal pH drop in CV-1 and A549 cells may be related to the regulation of cargo uptake and recycling pathways. Whereas Trf remain largely peripheral within 2-5 min after initiation of uptake by A549 cells, this marker quickly accumulated in perinuclear recycling compartments of CV-1 cells (supplemental Fig. S1 ). These findings support the notion that weak initial acidification of endosomes of A549 cells bathed in DMEM delays ASLV fusion.
The extent and rate of ASLV fusion correlate with the pH drop in early endosomes
Poor initial acidification of endosomes of A549 cells bathed in DMEM may necessitate ASLV trafficking to more acidic late compartments to undergo fusion. To measure the extent and kinetics of ASLV fusion in these cells, we used ASLVpp co-labeled with YFP-Vpr (viral core marker) and Gag-imCherry (fluid-phase marker). In keeping with the less efficient acidification profiles in DMEM (Fig. 3B) , single ASLV fusion was reduced 2-3-fold in DMEM compared with LIB in both cell lines (Fig.  3C) . As expected for a marginal initial acidification in A549 cells bathed in DMEM, these cells were the least conducive to single ASLV fusion, with only ϳ7% of double-labeled particles releasing the mCherry marker into the cytoplasm. The fact that ASLV fusion occurred at all under these conditions may be indicative of preferential virus sorting into somewhat more acidic endosomes than those carrying Trf (Fig. 3B ), in agreement with the previous study (12) .
The kinetics of single ASLV fusion also correlated with the early pH dynamics in cells. For both CV-1 and A549 cells, viral fusion in LIB was significantly faster than in DMEM (Fig. 3D) . Interestingly, A549 cells seemed to support faster kinetics of fusion than CV-1 cells for a comparable or even less pronounced endosomal acidification rate. Although the initial endosome acidification was less rapid in A549 cells, as compared with CV-1 cells in LIB (Fig. 3B) , the kinetics of ASLV fusion was considerably faster with the former cells (Fig. 3D) . Furthermore, despite the virtual lack of acidification of Trfcarrying endosomes in A549 cells in DMEM (Fig. 3B) , the fusion kinetics overlapped with that for CV-1 cells bathed in the same medium (Fig. 3D ). This finding implies that, in addition to the endosome acidity, additional cell type-specific factors control the rate of ASLV fusion (see "Discussion").
Note that we observed no significant reduction of the extents of ASLV fusion with A549 compared with CV-1 cells in DMEM, using the bulk BlaM assay (data not shown). The difference in the results of BlaM and single virus assays is likely due to an inherently shorter window of observation in the imaging experiments (20 -30 min), as compared with a 90-min long BlaM experiment. The shorter observation window for single particle imaging is due in part to YFP-Vpr quenching in acidic endosomes and to particle crowding in the perinuclear area (13, 59) . These events complicate the reliable detection of late fusion events and thus truncate the distribution of single virus fusion events. This should exaggerate the difference between ASLV fusion in DMEM versus LIB in which the fusion is considerably faster.
ASLV fusion is inhibited in cells expressing IFITM3
Expression of IFITM3, an interferon-inducible transmembrane protein, blocks fusion of a number of unrelated viruses entering cells by different endocytic routes (23-25, 60, 61) . Viruses entering from late endosomes (e.g. influenza virus) are generally more susceptible to IFITM3 inhibition than those fusing with early endosomes (e.g. VSV) (24, 25) , in line with the reported IFITM3 accumulation in late endosomes (62, 63) . We have previously shown that ASLV tends to fuse with early endosomes of CV-1 cells expressing TVA950, whereas TVA800-mediated fusion occurs primarily in maturing endosomes (13, 14) . We thus sought to determine whether ASLV fusion was sensitive to IFITM3 and whether the potency of this restriction factor is modulated by TVA800-and TVA950-mediated virus entry from distinct compartments.
The effect of IFITM3 expression on ASLV fusion with A549/ TVA800 and A549/TVA950 cells was examined using the BlaM assay. In both cell lines expressing comparable levels of IFITM3 (Fig. 4A) , ASLV fusion was inhibited to a similar extent (ϳ50%) compared with the respective control cells lacking IFITM3 (Fig.  4B) . IFITM3 also caused a comparable reduction in ASLV fusion in CV-1 cells expressing either receptor isoform (Fig. 4, C  and D) . Thus, the efficiency of IFITM3-mediated restriction appears independent of the ASLV receptor isoform. The IFITM3 effect on ASLV and VSV fusion was similar in magnitude. By contrast, and in agreement with the previous studies (23, 26, 62, 63) , IFITM3 potently inhibited fusion of pseudoviruses bearing the influenza A virus HA/NA glycoproteins in both cell lines (Fig. 4B) .
We further assessed the effect of IFITM3 expression on ASLV fusion with A549 cells by single particle tracking. Consistent with the BlaM results, IFITM3 inhibited the content release from single ASLV pseudoparticles in cells expressing TVA800 or TVA950 (Fig. 5A) . Our results imply that the IFITM3 potency against ASLV is largely independent of the TVA receptor isoform.
IFITM3 selectively accelerates ASLV entry and fusion in A549 cells expressing TVA800, but not TVA950
Next, the kinetics of virus uptake into acidic compartments was measured using the EcpH-ICAM/Gag-mCherry-labeled reporter viruses, as above (Fig. 2) . Unlike the control A549/ TVA950 cells, in which the quick ASLV uptake could be described by a single exponent, the kinetics of virus internalization by IFITM3 expressing cells was biphasic, with approximately half of the viruses losing the EcpH signal at a slower rate (Fig. 5B) . Strikingly, IFITM3 expression had an opposite effect on the normally much slower ASLV uptake by A549/TVA800 cells (see Ref. 31 and Fig. 5B ). The slow, single exponential kinetics of virus uptake by these cells was markedly accelerated and became biphasic (double-exponential) upon IFITM3 expression. Interestingly, the time course of EcpH quenching in IFITM3-expressing cells was virtually identical, irrespective of the TVA isoform (Fig. 5B) . The faster rate of virus delivery into acidic compartments of IFITM3 ϩ A549/TVA800 cells may reflect the accelerated endocytosis and/or accelerated acidification of early carrier vesicles.
In accordance with the kinetics of ASLV uptake into acidic endosomes, the rates of fusion of particles co-labeled with YFPVpr and Gag-imCherry were close in cells expressing TVA950, irrespective of the presence of IFITM3, as well as for IFITM3-expressing A549/TVA800 cells (Fig. 5C ). By comparison, and in agreement with the delayed uptake/acidification kinetics (Fig.  5B) , single ASLV fusion proceeded slower with the control cells expressing TVA800 (Fig. 5C) . Thus, IFITM3 expression does not significantly delay ASLV fusion following the acidification of endosomal lumen, but it reduces the probability of the viral content release compared with control cells. The proportionality of the rates of EcpH quenching and viral fusion also suggests that the initial acidification of virus-carrying compartments is sufficiently robust to induce ASLV fusion with cells bathed in LIB. In other words, in contrast to DMEM, which appears to raise the pH in early endosomes of A549 cells, IFITM3 expression appears to actually promote the initial acidification and, therefore, does not interfere with the triggering of ASLV Env.
Discussion
Our results show that both cell-extrinsic (buffer) and -intrinsic (IFITM3) factors can regulate the acidification of early endosomes in a cell type-specific manner and thus modulate the extent and the rate of ASLV fusion. Whereas CV-1 and HeLa (data not shown) cells were less sensitive to the variation of extracellular pH, endosome acidification was delayed in A549 cells bathed in a mildly alkaline DMEM. This finding highlights the need to tightly control the extracellular pH, especially when studying processes that are sensitive to endosomal pH, such as acid-mediated virus fusion. As a result of insufficient acidification of early endosomes, ASLV fusion was delayed relative to the virus uptake in A549 cells bathed in mildly alkaline medium. It is thus prudent to supplement CO 2 -dependent media with HEPES or other buffers to prevent pH elevation during experiments that require moving the cells in and out of a CO 2 incubator.
We found that IFITM3 expression affected ASLV endocytosis and likely the rate of endosome acidification. Interestingly, IFITM3 slightly delayed ASLV uptake by TVA950 expressing cells, whereas markedly accelerating endocytosis/entry into acidic compartments of TVA800-expressing cells (Fig. 5, B and   C ). This observation is consistent with the reported role of IFITM3 in regulation of clathrin-mediated endocytosis and endosomal pH through stabilizing the vATPase complex (64) . The increased acidity of early endosomes in A549/TVA800 cells expressing IFITM3 could be the reason we did not see a stronger inhibition of ASLV fusion with these cells versus A549/ TVA950 cells. Based on our previous finding that ASLV fuses with early endosomes of TVA950-expressing cells and with intermediate/maturing endosomes in TVA800-expressing CV-1 cells (13), it was reasonable to expect that IFITM3 would more potently inhibit TVA800-driven ASLV fusion. However, the increased acidity of early endosomes in IFITM3-expressing TVA800 cells may favor the ASLV fusion with early endosomes that are less enriched in IFITM3 than intermediate compartments, which normally support ASLV fusion mediated by TVA800.
The finding that IFITM3 expression partially inhibits ASLV fusion (Figs. 4 and 5 ), is consistent with the previous reports that viruses entering from late endosomes (e.g. influenza virus) are generally more sensitive to IFITM3 than those entering from early endosomes (e.g. VSV) (24, 25) . Our results thus support the notion that the antiviral potency of IFITM3 is largely determined by its subcellular localization. Besides the endosomal pH regulation, additional cell-specific factors/processes appear to modulate the extent and kinetics of ASLV fusion. Under identical conditions, and for similar average endosomal pH, ASLV fuses faster with A549 cells than with CV-1 cells (Fig. 3D) . Note that this difference does not appear to be due to the higher endogenous level of IFITM3 in CV-1 cells, as judged by immunostaining (Fig. 4, A and C) . We also observed a large delay between temperature-dependent and low pH-dependent steps of ASLV fusion in CV-1, but not in A549 cells (Fig. 1) . This delay suggests slow completion of the fusion process (e.g. slow pore dilation) after progressing through low pH-dependent steps in CV-1 cells. This result thus supports a role of cell type-specific, late endosome-resident factors in completion of ASLV fusion. Interestingly, it has been reported that Dengue virus hemifuses with early endosomes, but undergoes full fusion after entering late endosomes enriched in an unusual anionic lipid, lysobisphosphatidic acid (17) . Future studies will help elucidate the host-dependence factors that modulate fusion of ASLV and other viruses.
Experimental procedures
Cell lines and reagents
Human embryonic kidney HEK293T/17, human alveolar adenocarcinoma A549, and African green monkey kidney CV-1 cells were obtained from ATCC (Manassas, VA). CV-1/ TVA800, CV-1/TVA950, A549/TVA800, A549/TVA950, and TZM-bl/TVA950 cells expressing high levels of alternative TVA receptors have been described previously (31, 32, 59) . The A549/TVA and CV-1/TVA cells stably expressing IFITM3 were obtained by transducing with VSV-G-pseudotyped viruses encoding wild-type IFITM3 or with the vector pQCXIP (Clontech) and selecting with 0.5 and 8 g/ml of puromycin (InvivoGen, San Diego, CA), respectively. Unless otherwise indicated, the cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (FBS), heat inactivated (Sigma), and 100 units/ml of penicillin-streptomycin (Gemini Bio-Products, Sacramento, CA). The growth medium for HEK293T/17 cells was supplemented with 0.5 mg/ml of G418 sulfate (Mediatech). The ASLV-A Env-derived R99 peptide (ϳ95% purity by HPLC) was synthesized by Macromolecular Resources (Fort Collins, CO). Live Cell Imaging Buffer (LIB), FluoroBrite TM DMEM, transferrin-FITC, transferrin-Alexa Fluor 594, goat anti-rabbit Alexa Fluor 568, and CCF4-AM substrate were purchased from Life Technologies. Rabbit anti-IFITM3 serum (against the IFITM3 N terminus) was from Abgent (San Diego, CA). HEPES stock solution was from HyClone (Logan, Utah). Calf skin collagen and nigericin were from Sigma. Monensin sodium salt was from Calbiochem.
Plasmids and virus production
The expression vectors for the ASLV subtype A Env lacking the cytoplasmic domain, HIV-1 backbone pR8⌬Env, pMM310 (encoding for BlaM-Vpr), pcRev, HIV-1-Gag-imCherry⌬Env, psPAX2-Gag-imCherry, ecliptic pHlourin-ICAM-1 (EcpH-ICAM), pMDG (encoding for VSV-G), and pCAGGS vectors encoding influenza H1N1 WSN HA and NA were described previously (26, 36, 59, 65, 66) . The YFP-Vpr plasmid was a gift . B, kinetics of ASLV uptake and entry into acidic endosomes in A549/TVA800 and A549/TVA950 cells expressing or lacking IFITM3, as measured by EcpH quenching (see Fig. 2 and "Experimental procedures"). Data are mean Ϯ S.E. from 3 independent experiments. Solid lines are curve fits using a single-or double-exponential raise model. C, the kinetics of single ASLV (co-labeled with YFP-Vpr and Gag-imCherry) fusion with A549/TVA950 and A549/TVA800 cells expressing or lacking IFITM3. Measurements were done in LIB. Despite different fusion efficiencies, a comparable number of events were annotated and plotted to ensure an appropriate sample size for all conditions. Note that a roughly equal number of data points was analyzed for each condition. ***, p Ͻ 0.001; NS, not significant. from Dr. T. Hope (Northwestern University). The expression vector encoding human IFITM3 was a gift from Dr. A. L. Brass (University of Massachusetts).
Fluorescent pseudoviruses were produced by transfecting HEK293T/17 cells using JetPrime reagent (Polyplus Transfection, Illkirch-Graffenstaden, France). Cells grown in a 10-cm dish were transfected with 1 g of pR8⌬Env, 2 g of HIV-1-Gag-imCherry⌬Env or psPAX2-Gag-imCherry, 1 g of pcRev, 2 g of glycoprotein envelope expression vector, and either 3 g of EcpH-ICAM or 2 g of YFP-Vpr. To produce pseudoviruses bearing ␤-lactamase-Vpr (BlaM-Vpr), cells were transfected with 3 g of pR8⌬Env, 2 g of BlaM-Vpr, 1 g of pcRev, and 2 g of envelope glycoprotein expression vector. The viruscontaining medium was collected at 48 h post-transfection, passed through a 0.45-m filter, aliquoted, frozen, and stored at Ϫ80°C. The infectious titer was determined by a ␤-Gal assay in TZM-bl/TVA cells, as described (36) .
␤-Lactamase (BlaM) virus-cell fusion assay
The virus-cell fusion measured by the BlaM assay was carried out as described previously (36, 59, 66) . Briefly, the target cells were cultured in 96-well strip plate (Corning, Costar). Pseudoviruses bearing the BlaM-Vpr (m.o.i. ϭ 1, unless indicated otherwise) were bound to target cells by centrifugation at 1550 ϫ g, 4°C, for 30 min. Unbound virus was washed off using cold PBS. Fusion was initiated by shifting to 37°C and stopped after the indicated times, either by adding fusion inhibitors or by placing cells on ice (referred to as TB). Cells were then loaded with fluorescent CCF4-AM ␤-lactamase substrate and incubated overnight at 11°C. Intracellular ␤-lactamase activity (ratio of coumarin to fluorescein fluorescence) was measured using the Synergy HT fluorescence microplate reader (Bio-Tek, Germany).
Single-virus imaging
Single-virus fusion assays were performed by imaging fluorescently labeled ASLVpp entry in CV-1 and A549 cells expressing the TVA950 or TVA800 receptor isoform, based on previous protocols (59, 65) . Briefly, cells were grown on collagen-coated number 1.5 glass-bottomed Petri dishes (MatTek, MA) up to 90% confluent in FluoroBrite DMEM with 10% FBS. Prior to the imaging assay, cells were incubated on ice for 5 min, washed with cold PBS, inoculated with ϳ10 5 infectious units of chilled YFP-Vpr-and Gag-imCherry-labeled ASLVpp, and spun at 1500 ϫ g for 20 min at 4°C. After spinoculation, the cells were washed with cold PBS. Synchronous viral entry was initiated by the addition of appropriate warm buffer, with the dish placed on the objective inside a pre-warmed incubation chamber on a Zeiss LSM 780 confocal microscope (Carl Zeiss, Germany) at 37°C. Images were collected every 5-6 s, a typical experiment lasted ϳ45 min, after which time, no additional viral fusion events were observed.
Endosomal pH measurements
Transferrin uptake experiments were performed on cells grown to 90% confluence in FluoroBrite DMEM with 10% FBS. Cells were washed twice with 1 ml of warm buffer and incubated for 30 min at 37°C in an incubator in LIB without serum containing 2 g/ml of Hoechst-33342 to stain nuclei. The samples were placed on ice, washed with cold LIB without serum, and incubated for 10 min at 4°C in LIB without serum containing 100 g/ml of each labeled transferrin. Medium with labeled transferrins was removed, washed with cold buffer, and the cells were imaged at the indicated times after raising the temperature on the microscope by the addition of warm LIB. In separate experiments in 8-well chambered slides (Nunc Lab-Tek, ThermoScientific), a calibration curve was generated to determine the ratiometric fluorescence response of FITC/AF594 to pH for endosomal pH measurements. A similar protocol was followed for endocytosis of the mixture of transferrins in cells for 15 min at 37°C, followed by treatment with 20 M monensin and 10 M nigericin in citrate-phosphate buffers of varying pH for 10 min to equilibrate external and intracellular pH. The cells were imaged for calibration under identical conditions and imaging parameters as the transferrin uptake assay in untreated cells. Ratiometric measurements were based on intensity thresholding and identification of integrated FITC and AF594 signals in Volocity (PerkinElmer Life Sciences) (58) . Estimation of EcpH/ mCherry ratio in endosomes followed a similar protocol, where a chilled viral suspension of ASLVpp bearing the fluorophores EcpH-ICAM and Gag-mCherry was spun onto cells at 4°C, followed by entry at 37°C for 10 min, and finally incubation with monensin and nigericin containing citrate-phosphate buffer at the appropriate pH.
Immunofluorescence assay
IFITM3-expressing cells were grown to 90% confluence on collagen-coated glass coverslips in full growth medium, fixed with 2% paraformaldehyde, permeabilized with 125 g/ml of digitonin, blocked with PBS, 10% FBS, and sequentially incubated with primary rabbit anti-IFITM3 antibody and goat antirabbit Alexa Fluor 568 secondary antibody for 1 h each. Images were collected on a Zeiss LSM 780 laser scanning microscope using a 40ϫ/1.2 NA water immersion objective.
Statistical analysis
Data were analyzed using the Student's t test or non-parametric Mann-Whitney test, as appropriate (* denotes p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001, n.s., not significant).
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